Introduction
). The resurgence started in Europe in early 1980s, later in Middle East 87
and Far East, and in North America by late 1980s and early 1990s. The resurgence was 88 caused by multiple independent introductions of exotic and often fungicide-resistant 89 strains from Mexico [9] , the center of genetic diversity and origin of P. infestans. 90
Prior to the late 20 th century, global populations of P. infestans outside Mexico 91 were dominated by a single clonal lineage, US-1 (mating type A1) [10] . It was soon 92 replaced world-wide by new strains [11] . In North America, US-8 was arguably the most 93 successful among the introduced lineages. It is extremely virulent on potato, but not as 94 much on tomato [12] . After first being detected in a single county in New York in 1992, 95 it spread to 23 states during 1994 and 1995, and was found in most potato production 96 regions in the United States and part of Canada by 1996 [13] . Many other clonal 97 lineages, up to US-24, have been reported before and after 15] . Most lineages 98 have come and gone, but US-8 has proved to be enduring. 99
Research on late blight epidemics usually focuses on pathogen virulence, host 100 resistance, environmental factors and fungicide resistance, but any potential role of 101 virus infection of P. infestans has not been examined. We previously surveyed P. 102 infestans isolates and reported the discovery of four RNA viruses in this organism [16] . 103
Three of these viruses have been characterized and their descriptions reported [16] [17] [18] . 104 Several additional viruses have been reported in other oomycetes [19] . Like many fungal 105 viruses that are asymptomatic in their hosts, these oomycete viruses caused no 106 measurable phenotype in their host organisms. 107
108
In this paper, we present the characterization of Phytophthora infestans RNA 109 virus 2 (PiRV-2), a novel RNA virus with a genome of 11,170 nt and no close affinity to 110 other known viruses. This virus stimulated sporangia production and appeared to 111 enhance virulence of P. infestans. Transcriptome analysis revealed that PiRV-2 likely 112 stimulated sporulation through restriction of ammonium and amino acid intake. Survey 113 of PiRV-2 presence in P. infestans population suggested that this virus may have 114 contributed to the success of the US-8 lineage and played a role in late blight epidemics. 115
Results

116
Nucleotide sequence analysis of PiRV-2 117
Two P. infestans isolates in the US-8 lineage, US940480 and US040009, were 118 previously found to harbor PiRV-2 dsRNA [16] . Repeated effort failed to yield virus-like 119 particles (VLPs) (not shown). DsRNA from US940480 was sequenced by random RT-PCR, 120
RT-PCR with sequence-specific primers, and RNA ligase-mediated RACE (Supplementary 121 Figure S1 ). After assembly of the overlapping clones, the viral genome was found to be 122 11,170 nt, matching previous estimate [16] . 123
Examination of the coding potential of all six reading frames revealed a long 124 open reading frame (ORF) on one strand, designated as the positive strand (Fig. 1 ). This 125 ORF spanned from nt 7 to 11,139, and could encode a polyprotein of 3710 aa (calculated 126 molecular weight 410.94 kDa). The first AUG codon in the ORF at nt 7-9 had an A at both 127 -3 and +4 positions, predicted to be a more favorable context than the two AUG codons 128 immediately downstream in this reading frame (nt 253-255 and 292-294, respectively) 129 [20, 21] , both of which had a pyrimidine (C) at -3 position. Pending experimental 130 evidence, we assumed for sequence analysis purposes the AUG codon at nt 7-9 was the 131 translation initiation site. This implied a short 5' untranslated region (UTR) of 6 nt and a 132 3' UTR of 31 nt. A signal peptide was not identified at the N-terminal region of this 133 protein, but 14 potential transmembrane regions in two clusters were predicted -one 134 in the middle section and one close to the C-terminus (Fig 1) . No other significant ORFs 135
were found on either strand of PiRV-2/US940480. 136
PiRV-2 dsRNA from P. infestans isolate US040009 was also sequenced 137 (Supplementary Figure S1 ). PiRV-2/US940480 and PiRV-2/US040009 shared 99.5% 138 nucleotide identity, with 58 single nucleotide polymorphisms (SNPs) between the two 139 sequences; there were no indels. There were 25 synonymous SNPs while the other 33 140 were non-synonymous SNPs, and no SNP induced premature termination of the ORF. 141
All downstream analysis was based on PiRV-2/US940480. 142 PiRV-2 dsRNA encodes a putative viral RNA-dependent RNA polymerase but lacks 143
similarity to any known viruses 144
At the nucleic acid level, no significant similarity was found between PiRV-2 and 145 any other sequences in GenBank non-redundant database. When the deduced protein 146 sequence was used as query in BLASTP searches, only marginal similarities were 147 identified between part of PiRV-2-encoded protein and the RNA-dependent RNA 148 polymerase (RdRp) regions of several astroviruses (e.g. All RdRps and many DNA-directed polymerases employ a right-hand shape fold 160 with three subdomains termed fingers, palm and thumb [25] . Only the palm subdomain 161 is well conserved among all of these enzymes. In RdRps, the palm subdomain comprises 162 is the virus family Birnaviridae, which lacks the G-D-D motif [27] . All three motifs were 166 found in PiRV-2 (Fig 2A) . Based on the above data, we concluded that PiRV-2 encoded 167 an RdRp. An alignment of core RdRp regions from representative viruses with RdRP_1 or 168 RdRP_4 domain was built (Fig 2A) , and a neighbor joining tree based on this alignment 169 showed that PiRV-2 did not fall into any known virus families (Fig 2B) . 170
In addition to the RdRp region, scanning the Prosite database also found the 171 motif signature of eukaryotic thiol (cysteine) proteases histidine active site (PS00639) at 172 aa 744-754 (SYHSVLMAGCS). Eukaryotic thiol proteases have an essential catalytic triad 173 of cysteine, histidine and asparagine. The motif signatures of the cysteine and 174 asparagine active sites were not found, either by scanning Prosite database or by visual 175 inspection. It remains to be determined whether PiRV-2 encodes a protease around the 176 identified histidine active site. 177
PiRV-2 stimulates sporangia production in P. infestans and enhances its virulence 178
To examine the effect of PiRV-2 on its host, the virus was cured from isolate 179 US940480 and then re-introduced into the cured isolates through anastomosis. To cure 180
PiRV-2, US940480 was grown on Ribavirin-containing rye agar and transferred by 181 hyphae-tipping. After four iterations, the virus was found to be cured in two cultures, as 182 confirmed by dsRNA extraction and RT-PCR (Supplementary Figure S2) . These two 183 cultures were named US940480/PiRV-2C1 and US940480/PiRV-2C2, respectively. To 184 introduce PiRV-2 back into cured isolates, US940480 was co-cultured in close proximity 185 with US940480/PiRV-2C1 or US940480/PiRV-2C2 on rye agar and an agar plug was taken 186 from the side of cured isolates. Virus transmission was confirmed by RT-PCR 187 (Supplementary Figure S3) . The resultant cultures were named US940480/PiRV-2T1 and 188 US940480/PiRV-2T2, respectively. 189 US940480, US940480/PiRV-2C1, US940480/PiRV-2C2, US940480/PiRV-2T1 and 190 US940480/PiRV-2T2 were grown on rye agar to compare their growth rate, colony 191 morphology and sporulation. Slightly but significantly (P =0.05) faster growth rate was 192 observed in the virus-cured isolates. The virus-cured isolates also produced denser 193 aerial mycelium compared to US940480 based on visual observation (Fig. 3A) . The most 194 profound difference was observed in sporangia production: virus-infected isolate 195 US940480 produced abundant sporangia, while cured isolates US940480/PiRV-2C1 and 196 US940480/PiRV-2C2 sporulated sparsely (Fig. 3A, inset) . On average, the PiRV-2-197 containing isolate US940480 produced 9 to 125 times as many sporangia as its isogenic, 198 virus-free counterparts US940480/PiRV-2C1 and US940480/PiRV-2C2 did, and the 199 difference was always statistically significant (P = 0.05, Fig 3C and not shown) . 200
Co-culturing of US940480 with US940480/PiRV-2C1 or US940480/PiRV-2C2 re-201 introduced the virus into the virus free isolates (Supplementary Figure S3 and not 202 shown) and restored their sporangia production ( Fig. 3B-C) . Sporangia production in 203 US940480/PiRV-2T1 and US940480/PiRV-2T2 were not significantly different from 204 sporangia production in US940480 (Fig. 3C) . 205
To determine the impact of PiRV-2 on host virulence, US940480 and 206 US940480/PiRV-2C1 were used to infect leaves of susceptible potato cultivar Red La 207 Soda in detached leave assay. Lesions caused by US940480 were significantly larger than 208 those caused by US940480/PiRV-2C1 (Fig. 3D ). We were not able to obtain sufficient 209 numbers of sporangia from US940480/PiRV-2C2 to compare those from US940480. 210
PiRV-2 causes transcriptome changes in P. infestans 211
To understand the molecular mechanism(s) through which PiRV-2 acted on its 212 host, transcriptomes of US940480 and US940480/PiRV-2C1 were sequenced. Three 213 independent mRNA libraries each for US940480 and US940480/PiRV-2C1 were 214 sequenced on Illumina Miseq platform, generating 5.08 million to 7.04 million reads for 215 each library. The reads were first mapped to the PiRV-2 genome. Two out of three 216 US940480 mRNA libraries contained one and two reads, respectively, that were aligned 217 to PiRV-2. No read from the three US940480/PiRV-2C1 mRNA libraries was aligned to 218 the virus genome. This was in agreement with the fact that US940480 harbored PiRV-2 219 while US940480/PiRV-2C1 did not. Since PiRV-2 did not have a polyA tail, and mRNA was 220 extracted from total RNA using polyT beads, only trace amount of PiRV-2 RNA was 221 introduced into the libraries. 222
The sequence reads were then mapped to the genome of P. infestans [28] to 223 obtain read counts for individual genes. With a Benjamini-Hochberg adjusted P value of 224 0.01 and a minimum of log 2 fold change (LFC) of 1 (2-fold change) requirements, 848 225 differentially expressed genes (DEGs) were identified, with 431 genes up-regulated by 226 Table S3 ). 227
PiRV-2 and 417 genes down-regulated by this virus (Supplementary
Four groups of genes were enriched in up-regulated DEGs. The first group (i) 228 was histone protein genes. Of the 18 histone protein genes annotated in P. infestans 229 genome, 9 were up-regulated, a 20.6-fold enrichment. Two additional histone genes 230 were induced to a lesser extent (padj < 0.05, LFC > 0.5) and none was significantly down-231 regulated (Supplementary Figure S4A and Supplementary Table S4 ). Also enriched were 232
(ii) genes for flagellum-related proteins, (iii) proteins with epidermal growth factor 233 (EGF)-like conserved site, and (iv) genes in the glycolytic process (Supplementary Figure  234 S4 B, C and D), with 10.0-, 9.9-and 7.4-fold enrichment, respectively. 235
Genes in the ribosome pathway were highly represented in the down-236 regulated DEGs. Of the 110 genes in P. infestans that mapped to the KEGG ribosome 237 pathway, 23 were down-regulated, a 9-fold enrichment. An additional 34 genes in this 238 pathway were down-regulated to a lesser extent (padj < 0.05, LFC < -0.5) and no gene in 239 this pathway was significantly up-regulated (Supplementary Table S5 and 240
Supplementary Figure S5 ). These down-regulated genes included both the large and 241 small subunit ribosome proteins. The down-regulated DEGs also included a group of 98 242 genes with transmembrane domain (Supplementary Table S6 ), but with only 1.5-fold 243 enrichment. These genes included many involved in nutrient transport across the 244 membrane, as well as several kinases and other genes. The potential molecular 245 pathway(s) PiRV-2 employed to act on P. infestans were further explored in the 246 "Discussion" section. 247
Distribution of PiRV-2 in P. infestans 248
Since PiRV-2 stimulated sporulation in P. infestans and enhanced its virulence, 249
we suspected that it could play a role in late blight epidemics and set out to examine its 250 presence in P. infestans population. In a previous study, we screened 22 isolates of P. 251 infestans using dsRNA extraction [16] . In the current study, we screened 54 isolates for 252
PiRV-2 using RT-PCR (Fig 4 and not shown) . The combined results are detailed in 253
supplementary Table S1 and summarized in Table 1 . In North America, the virus was 254 detected in 11 out of 13 isolates in the US-8 lineage and 3 out of 4 isolates in US-22 255 lineages, but not in 6 isolates belonging to US-11, US-17, US-23 or isolates whose 256 lineages were not determined. From isolates collected outside of the USA, PiRV-2 was 257 not detected in 9 isolates from Estonia, The Netherlands and South America. However, 258
PiRV-2 was detected in 1 out of 41 isolates from Mexico. 
PiRV-2 is faithfully transmitted through asexual reproduction 265
To determine PiRV-2 transmission through asexual reproduction, single-266 sporangia cultures were obtained from isolate US940480. RT-PCR was used to assay 267 PIRV-2 in 29 single-sporangia cultures, and the virus was detected in all of them (Fig. 5) . 268
Discussion
269
In this study, we characterized PiRV-2, a novel RNA virus, in the potato and 270 tomato late blight pathogen, P. infestans. Efforts to purify VLPs were not successful, but 271 this was not surprising. It is not uncommon for viruses infecting the lower eukaryotes 272 such as oomycetes and fungi to lack protein capsids since most do not infect through an 273 extracellular route. Whether the PiRV-2 dsRNA constitutes the "virus genome" or the 274 replicative form of a single-stranded RNA virus is a matter of definition: viruses in the 275 fungus-infecting family Hypoviridae have no capsid protein, but their replicative form 276 dsRNA is encapsulated with an RdRp complex in lipid vesicles [29] . Genomes of these 277 viruses are organizationally and phylogenetically most similar to positive-sense RNA 278 viruses; therefore some virologists consider them to be ssRNA viruses while others 279 consider them to be dsRNA viruses because of its encapsulation in vesicles. Although the 280
RdRp region of PiRV-2 showed some similarity to RdRp_1 domain, which suggests a 281 single-strand RNA genome, the similarity was only marginal. In fact, the RdRp in PiRV-2 282 was only identified by looking for the three well-conserved motifs in the palm domain of 283
RdRp. Both the 5' UTR (GUUAAA, 83% AU) and the 3' UTR 284 (AUUAAGAUGCAUAAUUAAACACAACUUAAGC, 74% AU) of PiRV-2 were AU-rich while 285 the complete sequence had a 52% AU content. An AU-rich 5' UTR on the plus strand is a 286 general feature of dsRNA viruses and is the region where the dsRNA separates during 287 virus replication as the polymerase enters [30] . No other similarity was observed 288 between PiRV-2 and previously reported viruses. Phylogenic analysis confirmed that 289
PiRV-2 does not belong to any known virus families or groups. We conclude that PiRV-2 290 belongs to a new virus family yet to be described. 291
Many viruses of lower eukaryotes are asymptomatic or cause only mild 292 symptoms in their hosts, but others cause observable symptoms [19, 31, 32] . In 293 phytopathogenic fungi, a small number of viruses can attenuate the virulence of their 294 hosts, resulting in a phenomenon called hypovirulence. The best example of 295 hypovirulence was illustrated by Cryphonectria hypovirus 1 [33] . L1 dsRNA in Nectria 296 radicicola, the causal agent of ginseng root rot, showed the opposite effect. This virus 297 stimulated sporulation and increased virulence of N. radicicola [34] . Alternaria alternata 298 chrysovirus 1 (AaCV1) showed two-sided effects. AaCV1 was isolated from Alternaria 299 alternate Japanese pear pathotype, which infects the susceptible pear cultivar 300 'Nijisseiki', produces AK-toxin and causes Alternaria black spot on the leaves. On the one 301 hand, high titer of AaCV1 severely impaired the growth of A. alternata; on the other 302 hand, it increased AK-toxin production and enhanced virulence of this fungus [35] . 303
In this study, PiRV-2 appears to have shown similar effects to its host as L1 304 dsRNA in N. radicicola, in that it stimulates sporangium production and enhances 305 virulence. The sporangium plays an important role in the late blight disease cycle [36] . 306
Sporangia are dispersed via air or water to healthy tissue to initiate new infections. 307
Within a few days of inoculation, the pathogen produces a macroscopically visible lesion 308 from which many sporangia can be produced and each is capable of initiating another 309 cycle of pathogenesis. 310
Given the effects of PiRV-2 on P. infestans, it's reasonable to suspect that this 311 virus could play a role in late blight epidemics. Survey of P. infestans collection showed 312 that this virus was present in most isolates of the US-8 clonal lineage of this pathogen. 313
The US-8 lineage was first detected in the United States in 1992 and soon spread to 314 most potato production areas in North America [13] . tomatoes, which then spread to commercial tomato and potato fields [12] . Three out of 330 four US-22 isolates examined in this study contained PiRV-2. Further population and 331 epidemiology studies are needed to understand the role of PiRV-2 in late blight 332
epidemics. 333
At the transcriptome level, the strain harboring PiRV-2 had significantly lower 334 expression of many ribosome protein genes comparing to its isogenic, virus-free 335 counterpart. The ribosome is the core of protein translation machinery. In Escherichia 336 coli, Neurospora crassa and Saccharomyces cerevisiae, the expression of ribosome 337 protein genes is proportional to growth rate and down-regulated by nutrient limitations 338 [38] [39] [40] . In the diploid yeast S. cerevisiae, nitrogen starvation induces sporulation and 339 down-regulation of more than 40 ribosome protein genes. When nitrogen is 340 replenished, these genes return to normal expression level and the yeast resumes 341 vegetative growth [41, 42] . While the sporulation in S. cerevisiae is a sexual process, 342 resulting in haploid progenies from diploid parent, nitrogen starvation also induces 343 asexual conidiation in fungi N. crassa and Aspergillus nidulans [43, 44] . There are five 344 annotated ammonium transporter genes in P. infestans. Among these, the three genes 345 with the highest expression level were significantly down-regulated by PiRV-2 346 (Supplementary Table S7 ). In yeast, down-regulation of ribosome protein genes can also 347 be induced through amino acid deprivation [45] . Among the 34 amino acid permease 348 genes in P. infestans, eight were significantly down-regulated by PiRV-2 and none was 349
up-regulated (Supplementary Table S7). 350
The main function of histone proteins in eukaryotic cells is to package and 351 order DNA. When S. cerevisiae is induced into sporulation through nitrogen starvation, 352 the amount of histone proteins per cell increases many folds in the early hours, followed 353 by increase of DNA synthesis [46] . The four major families of histones, H2A, H2B, H3 and 354 H4, form the nucleosome core on which DNA wraps around, while H1 links individual 355 nucleosome together to form higher order structure. Multiple histone protein genes 356 were highly induced by PiRV-2, including all five major histone families (Supplementary 357 Figure S4A and Supplementary Table S4) . 358
In our study, none of the DNA polymerase genes was significantly affected by 359
PiRV-2 but DNA content was not quantified. Genes in one of the up-regulated groups, 360 the seven genes with EGF-like domain, have functions predicted to affect DNA synthesis 361 (Supplementary Figure S4B) . EGF-like domains are usually found in the extracellular 362 portion of membrane proteins or in proteins that are secreted. Five of the seven up-363 regulated genes were predicted to encode extracellular proteins. In animal cells, binding 364 of an EGF-like domain to a cell surface receptor is essential for activation of tyrosine 365 kinase in the receptor cytoplasmic domain, which initiates a signal transduction and 366 results in DNA synthesis and cell proliferation [47, 48] . 367 Previous studies have identified two genes with regulatory functions that are 368 critical for sporangium production in P. infestans. A G protein β-subunit (Pigpb1) is 369 induced in nutrient starved medium prior to the onset of sporangium formation, and 370 silencing of this gene results in drastic decrease in sporangia production and dense 371 growth of aerial mycelium [49] . Picdc14 is a cell-cycle phosphatase and expressed only 372 in sporangiophore initials, sporangiophore and sporangia [50] . Silencing of Picdc14 also 373 impairs sporangium production. Picdc14 is also induced by nutrient starvation and it is 374 assumed to act after Pigpb1 because silencing of the latter down-regulates its 375 expression [49, 51] . In our study, Pigpb1 (PITG_06376) was not significantly affected by 376
PiRV-2. The expression of Picdc4 (PITG_18578) was up-regulated by 4-fold by PiRV-2 but 377 there was high variability among the replicates (LFC = 1.97, P = 0.048, padj = 0.215). 378
The analysis above suggests a potential molecular mechanism for stimulation 379 of sporulation in P. infestans by PiRV-2 (Fig. 6) . The virus, directly or indirectly, down-380 regulates the expression of ammonium and amino acid transporter genes, resulting in 381 nitrogen and amino acid deprivation. This leads to decrease in many ribosome proteins 382 and increase of histone proteins, primes P. infestans for DNA synthesis through up-383 regulation of genes with an EGF-like domain, and possibly up-regulates the expression 384 of Picdc14. These molecular processes result in less vegetative growth in strains 385 containing PiRV-2 (sparse aerial mycelium) and more cell proliferation (increased 386 sporangium production) in those strains. 387
Materials and Methods
388
Cultures of P. infestans. P. infestans isolates used in this study and their relevant 389 information are listed in Supplementary Table S1 . The isolates were maintained on rye agar. 390
For mycelium production, the isolates were grown in pea broth at 18 °C in darkness. 391 RNA extraction. DsRNA was extracted from approximately two-week old mycelium with CF-392 11 cellulose following the method of Morris and Dodds [52] modified by Tooley et al [53] . 393
DNaseI and S1 nuclease were used as previously described [16] to remove traces of 394 genomic DNA and ssRNA, respectively. Total RNA was extracted from mycelium using 395
RNeasy Plant Mini Kit (Qiagen) according to manufacturer's instructions. 396
Primers. Primers and adapters used throughout this study are listed and described in 397 Supplementary Table S2 . 398 cDNA cloning, sequencing, and sequence analysis. PiRV-2 was previously found in two 399 isolates of P. infestans, US940480 and US040009. The dsRNA from isolate US940480 was 400 used as template for PiRV-2 sequencing. A random cDNA library was constructed as 401 previously described [16] , and their sequences were assembled into contigs. Sequence-402 specific primers were then used in various combinations in reverse transcription (RT)-403 PCR to confirm sequences of these contigs and to link the contigs in correct order. Three 404 independent rounds of RT-PCRs were performed. The primers were designed based on 405 sequences of random clones and sequences of clones from previous round(s) of RT-PCR. 406
To obtain terminal sequences, a 5'-phosphorylated and 3'-blocked adapter (5' PO 4 -407 AGGTCTCGTAGACCGTGCACC-NH2-3') was ligated to the 3' end of each strand of the 408 dsRNA using T4 RNA ligase (Promega) [54, 55] . Primer Padapter (5'-409 GGTGCACGGTCTACGAGACCT-3') , reverse complement to the adapter, was used in 410 combination with sequence-specific primers to amplify terminal regions (Supplementary 411 Figure S1 ). Superscript III reverse transcriptase and Platinum Taq high fidelity enzyme 412 mix (Invitrogen) were used for RT-PCR following manufacturer's instructions. Amplified 413 fragments were cloned into pCR2.1-TOPO vector (Invitrogen). One or more clones from 414 each RT-PCR were sequenced. All sequencing was conducted using Big Dye Terminator 415 chemistry. Sequences were assembled using Sequencher (Gene Codes Corp.). After 416
PiRV-2/US940480 was sequenced, PiRV-2/US040009 was amplified into two overlapping 417
RT-PCR fragments, and they were purified and sequenced directly (Supplementary 418 Figure S1 ). The virus genome sequences were deposited in GenBank (accession #s: 419
MH013270 and MH013271). 420
ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) was used to identify 421 potential ORFs using standard genetic codes. The nucleic acid and deduced protein 422 sequences of PiRV-2 were used to search various databases as described in the "Results" PiRV-2 curing. Isolate US940480 was grown on a 9-cm diameter rye agar plate 429 containing 50 mg/ml Ribavirin (SigmaAldrich) at18 °C in the dark. When the colony 430 diameter was approximately two-thirds of the diameter of the plate, a hyphal tip was 431 taken from the edge with the aid of a dissecting microscope and transferred to a new 432 plate. This process was repeated and PiRV-2 curing in the hyphae-tipping cultures was 433 periodically examined using dsRNA extraction and RT-PCR. For this purpose, the hyphae-434 tipping cultures were grown in pea broth without Ribavirin to produce mycelium. DsRNA 435 and total RNA were extracted from the mycelium as described above. dsRNA samples 436
were run on 1% agarose gel, stained with ethidium bromide and photographed under uv 437 light. SuperScript III one-step RT-PCR system (Invitrogen) was used in RT-PCR, with total 438 RNA as template and primer pairs P05/P07 or P24/P27 (supplementary Table S2 ) in 439 separate reactions and 40 amplification cycles. The RT-PCR products were separated on 440 agarose gels, stained and photographed as described above. The hyphal-tipping cultures 441 derived from US940480 in which PiRV-2 was cured were named US940480/PiRV-2C1 442 and US940480/PiRV-2C2. 443
PiRV-2 transmission through anastomosis. Agar plug from the edge of actively growing 444 US940480 was placed in close proximity with an agar plug from US940480/PiRV-2C1 or 445 US940480/PiRV-2C2 on rye agar plates and grown at 18 °C in the dark. After two weeks, 446 an agar plug was taken from the side of PiRV-2-cured cultures and placed on a fresh rye 447 agar plate. RT-PCR was used to detect PiRV-2. The resultant cultures from 448 US940480/PiRV-2C1 and US940480/PiRV-2C2 into which PiRV-2 was re-introduced were 449 named US940480/PiRV-2T1 and US940480/PiRV-2T2, respectively. 450 Phenotype of PiRV-2. Agar plugs from US940480, US940480/PiRV-2C1, US940480/PiRV-451 2C2, US940480/PiRV-2T1 and US940480/PiRV-2T2 were taken from the edges of actively 452 growing cultures with a #5 cork borer and transferred to the center of fresh 9-cm 453 diameter rye agar plates. The plates were incubated at 18 °C in the dark. Colony 454 diameter was measured at day 5, 7 and 9 after inoculation by averaging two 455 measurements at 90 degree difference. Two weeks after incubation, when the plates 456
were fully covered, they were photographed. Sporangia were harvested by flooding the 457 colonies with 10 ml distilled water and rubbing with a sterile glass rod, and 458 
GenBank (BioProject accession #: PRJNA437643). 490
Detection of PiRV-2 in P. infestans population. A panel of 54 isolates was maintained 491 on rye agar. They were transferred to pea broth for mycelium growth. Total RNA was 492 extracted from mycelium. Two RT-PCR reactions, with primer pairs p16/p18 and 493 p24/p27, respectively, were used to detect PiRV-2 in each isolate. 494 PiRV-2 transmission through sporangia. Sporangia were harvested from 2-week old 495 cultures of US940480 as described above. The concentration of the sporangia 496 suspension was adjusted to ~1,000 sporangia/ml with the aid of a hemocytometer. A 497 rye agar plate was inoculated with 0.3 ml sporangia suspension, spread with a sterile 498 glass rod, air-dried under a hood, and incubated at 18 °C in the dark. Germinating single 499 sporangia were transferred to fresh rye agar plates with the aid of a dissecting 500 microscope to obtain single-sporangium cultures of US940480. To determine the 501 presence of PiRV-2, single-sporangia cultures were grown in pea broth and total RNA 502 was extracted from mycelium. RT-PCR with primer pair p16/p18 was used to detect 503 PiRV-2. Table S1 . Isolates of Phytophthora infestans used in the current study 767 Table S2 . Anotation of primers and adapters used in the current study 768 Table S3 . Impact of PiRV-2 on host gene expression 769 Table S4 . Effect of PiRV-2 on expression of histone protein genes and histone modifying 770 enzyme genes 771 Table S5 . Effect of PiRV-2 on expression of genes in KEGG ribosome pathway 772 Table S6 . Transmembrane proteins down-regulated by PiRV2 773 Table S7 . Effect of PiRV-2 on the expression of ammonium transpoter and amino acid 774 permease genes 775 776
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